Abstract: A novel adsorbent, nano crystalline Hydroxyapatite (nano HAp), was synthesized from Persian Gulf coral by a hydrothermal method in order to remove nickel ions from aqueous solutions. Primary powder was characterized using XRD, FTIR and SEM. Also the powder surface area was determined by BET. The influence of different adsorption parameters, such as initial concentration of metal ion, contact time, adsorbent dosage and the temperature on the adsorption amounts of Ni 2+ ions were studied. Nickel uptake was quantitatively evaluated using the Langmuir, Freundlich and Dubinin-Kaganer-Radushkevich (DKR) models. In addition, the equilibrium removal process of nickel ions by the nano HAp was described well with the Langmuir isotherm model, resulting in the maximum adsorption capacity of 2.278 mg/g of Ni 2+ ions on nano HAp. The results of the thermodynamic and kinetic investigations indicated that the adsorption reactions were spontaneous (ΔG• < 0), endothermic (ΔH• > 0) and the pseudo second order model fitted better the adsorption kinetics of Ni 2+ on HAp.
INTRODUCTION
Industrial wastewater pollutions which include heavy metals and toxic pollutants are very important because they are not biodegradable and can be accumulated in living tissues causing various diseases and disorders. Contaminated wastewaters commonly include Ni, As, Cu, Cd, Cr and Pb. Nickel is a toxic heavy metal that its ions is frequently met in wastewater of various industries such as electroplating, non-ferrous metal, mineral processing and battery manufacturing [1, 2] . Ni exposure may cause noxious effects such as carcinogen and damage to skin, lungs, nervous system and mucous membranes [3] . The maximum permissible concentration of nickel in wastewater systems is usually up to 5 mg L -1 while the amounts greater than 0.1 mg L -1 is prohibited for drinking water [2, 4] .
Due to high solubility of heavy metal salts in water, a variety of methods have been developed in recent years for the removal of the metals from contaminated water. Some of these treatment techniques such as chemical precipitation, coagulation-precipitation and ion exchange have been reported for this purpose, but they either produce a large amount of sludge for disposal or are not effective when treating water with low heavy metal levels [5] [6] [7] . Moreover membrane filtration, reverse osmosis, electro dialysis, membrane electrolysis and electrochemical precipitation have also been investigated and reported. Most of these methods, however, involve expensive materials and high operation costs which are not suitable for many developing countries [7] [8] [9] [10] . On the other hand, as a cost-effective method adsorption process normally involves low-cost materials and is an easy method among the physicochemical treatment processes [11] .
The development of potential low-cost adsorbents with high adsorption capacity levels is essential to facilitate the application of adsorption processes for heavy metal removal. The efficiency of this technique depends on nature of adsorbent. The adsorbent such as activated carbon [12] , clay [13] , activated alumina [14] , chitosan [15] , silica [16] , zeolite [17] and Hydroxyapatite [18] were used for heavy metal removal.
Hydroxyapatite [Ca 10 (PO 4 ) 6 (OH) 2 ; HAp] is the main mineral constituent of teeth, bones and phosphate mineral rocks. It was shown that HAp is efficient in removal of many toxic metal ions [19] . Among the different sources of phosphate, both natural and synthetic Hydroxyapatite (HAp) has been supposed as a reactive material to remove metals [20] . Natural sources are more cost-effective and safer over cross-reaction and other immunological reaction compared to synthetic HAp.
In this investigation natural nano Hydroxyapatite was achieved from Persian Gulf coral by a hydrothermal exchange method, its capability as a natural adsorbent toward Ni (II) removal from aqueous solution was evaluated. The basic objectives of this research include: (1) studying the adsorption characteristics of Ni 2+ on nano HAp under equilibrium condition (2) understanding the kinetics and thermodynamics of process and (3) modeling the adsorption process. For this purpose, the effect of various factors affecting the adsorption process, such as time of contact, temperature, adsorbent dose and metal ion concentration were investigated.
EXPERIMENTAL 2.1 Adsorbent Preparation and Characterization
The coral was collected from the southern coast of Kish Island in the Persian Gulf. The calcareous biomaterial that constitutes coral skeleton is made up of 99% calcium carbonate and the rest is amino acids and oligo elements [21] . Natural corals were crushed and subsequently grounded in an agate mortar. The powders were washed in distilled water. After drying, powders were heated to 900 ˚C for 1h. Produced powders were then mixed with 2.5 times of diammonium hydrogen phosphate (NH 4 ) 2 The crystal phase was identified by powder X-ray diffraction (XRD) using a Siemens diffractometer 
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RESULTS AND DISCUSSION
Characteristics of Adsorbent
The X-ray diffractograms of coral and synthesised nano HAp is shown in Figures 1a, and b, respectively. Coral that was used in this work ( Fig. 1(a) ) exhibited the presence of both aragonite and calcite phases that are two stable phases of the calcium carbonate in atmospheric and high pressures, respectively [22] . The XRD pattern in Fig. 1(b) shows that the high crystalline nano HAp is the only existent phase. In addition, no peaks corresponding to CaCO 3 or CaO connected to the initial coral were found. Calculations using Sherrer relationship showed that the crystallite sizes of the (211) and (300) planes were 26.2nm and 21nm, respectively. As it can be seen from the morphologies of particles, there is a distribution of small particles and large agglomerates. These agglomerates are consisted of very fine particles that are cold welded together. In order to explore the surface characteristics of HAP particles, FT-IR analysis was performed and the revealed spectrum is given in Fig. 3 . The FTIR of nano HAp shows adsorption bands at 562, 597, 962, 1032 and 1095 cm -1 corresponding to the PO 4 3-groups of the hydroxyapatite. The band around 3650, 3572cm -1 and peaks around 632 cm -1 is due to the OH group. However, the appearance of peaks at 1460, 1418 and 870 cm -1 indicates the presence of trace contamination of residual carbonate in HAp. Since there was no CaCO 3 peak detected in the XRD pattern of HAp, it is believed that this might have originated from the ambient air atmosphere. 
Adsorption Study 3.2.1 Effect of Heavy Metal Concentration and Adsorbent Dosage
Uptake of the Ni 2+ by HAP as a function of contact time in different nickel concentrations is illustrated in Fig. 4 . As it can be seen, in all of the nickel concentrations, removal process has been took place in two steps. In the first one, nickel was removed fast but the in second step; it was happened slowly and exhibited a subsequent removal until equilibrium was reached. The main reason for the appearance of rapid step is the plenty active sites on the nano HAp at the first stages of adsorption process and gradual occupancy of these sites causes to emerging of lower step [23] . In fact nickel ions, form a molecule (actually ion) layer on the adsorbent surface at the first step. At the next step the uptake rate is controlled by the rate at which the Ni 2+ ions is transported from the exterior to the interior sites of the nano HAp particles [24] . The amount of metal ions removed by unit weight of adsorbent at the end of the experiment (q e ) can be calculated from metal ions concentration in equilibrium (C e ) as follows:
where the C 0 is the initial metal ion concentration and v and m are volume of solution and mass of adsorbent, respectively. As shown in 
Effect of Temperature
In order to evaluate of temperature effect on the nickel uptake, adsorption experiments were conducted on three different temperatures (25, 40 and 60 ˚C) with 6 g/L adsorbent concentration. Fig. 9 illustrates the relationship between temperature and the amount of Ni 2+ ions adsorbed onto nano HAp at equilibrium time (120 min). The results revealed when the temperature increased from 25 to 60 ˚C, the adsorption capacity for initial metal concentration 40 mg/L increased from 1.98 to 3.45 mg/g. This improvement in adsorption capacity was reported by other researchers. This may be a result of increase in the mobility of the nickel cations with temperature. Fig. 9 . The uptake capacity of Ni 2+ ions at different temperature (pH 6.6, initial metal concentration = 40 mg/L, adsorbent dosage= 6 g/L).
In addition, increasing the temperature may cause more cations attain sufficient energy to interact with active sites on the surface of nano HAp. Furthermore, many researchers have proposed that a swelling effect happened within the internal structure of adsorbent by increasing of temperature, which is caused further ions penetration into the adsorbent structure [25, 26] .
Determination of Thermodynamic Parameters
Effect of temperature can be further investigated by calculating thermodynamic parameters. The change in free energy (ΔG˚), enthalpy (ΔH˚) and entropy (ΔS˚) of adsorption are the thermodynamic parameters that can be estimated using equilibrium constants changing with temperature. The free energy changes of the adsorption reaction are given by the following equation [27] :
Where ΔG˚ is standard free energy change (J), R is the ideal gas constant (8.314 J mol −1 K −1 ) and T is the absolute temperature (K).The distribution ratio (K d ) was calculated using the below equation:
Canadian Fig. 10 . According to the equation 4, plot of Gibbs free energy changes (ΔG˚) versus temperature (T) must be linear. free energy values and more negative values show a more energetically favorable adsorption process. more spontaneity of nickel adsorption at higher temperatures is suggested by A decrease in values of ΔG˚ with the increase in temperature. Values of ΔS˚ > 0 indicate some structural changes in the HAp particles and also reflect the affinity of the adsorbent for Ni 2+ cations [28] . The positive value of entropy also indicates that the randomness in the solid/solution interface during the adsorption process is increased. Moreover positive value of enthalpy once again confirms the endothermic nature of the process.
Adsorption Isotherms
The analysis of equilibrium data to develop the adsorption isotherm is essential for design of adsorption systems. Adsorption isotherm is an equation which accurately represents the results and expresses a mathematical relationship between the quantities of adsorbate in initial and equilibrium times of adsorption process at a constant temperature.
The adsorption data have been subjected to different adsorption isotherms, namely, Langmuir, Freundlich, and Dubinin-Kaganer-Radushkevich or DKR. The Langmuir isotherm model is based on deposition of adsorbate molecules on the free surface of the adsorbent and formation of a monolayer and can be expressed as:
Where C e is the equilibrium concentration of metal in solution (mg/L), q e is the amount absorbed at equilibrium onto nano HAp (mg/g), Q 0 and K are Langmuir constants related to adsorption capacity and adsorption energy, respectively. Maximum adsorption capacity (Q 0 ) represents monolayer coverage of adsorbent with adsorbate and K represents enthalpy of adsorption and should vary with temperature. A linear plot is obtained when C e /q e is plotted against C e over the entire concentration range of metal ions. The linearized Langmuir adsorption isotherm of Ni 2+ ions is given in Fig.11 (a) .
The Freundlich isotherm is one of the earliest empirical equations used to describe equilibrium data, usually fits the experimental data over a wide range of concentrations. This model is considered to be appropriate for describing both multilayer sorption and sorption on heterogeneous surfaces [29] . The Freundlich adsorption isotherm was also applied to the removal of Ni 2+ on nano HAp (Fig. 11(b) ):
ln q e = ln k f + 1/n ln C e (6) where q e is the amount of metal ion adsorbed on adsorbent at equilibrium (mg/g), C e the equilibrium concentration of metal ion in the solution (mg/L) and k f [mg/g (mg/L) -1/n ] and n are the Freundlich model constants which are related to adsorption capacity and adsorption intensity of adsorbent, respectively. k f and n were determined by plotting ln q e versus ln C e . 1/n is a dimensionless parameter that varies between 0 and 1. The numerical value of 1/n< 1 indicates that adsorption capacity is only slightly suppressed at lower equilibrium concentrations. This isotherm does not predict any saturation of the adsorbent by the adsorbate. In other words, infinite surface coverage is predicted mathematically, indicating multilayer adsorption on the surface [30] .
The Dubinin-Kaganer-Radushkevich (DKR) isotherm was used for describing the adsorption of metal ions on nano HAp in the following linear form: the Polanyi potential, which is equal to: ε = RT ln(1 + 1/Ce) (8) Where R is the gas constant (8.314 kJ/mol K) and T is the temperature (K). The saturation limit X m may represent the total specific micro pore volume of the sorbent. The sorption potential is independent of the temperature but varies according to the nature of sorbent and sorbate [31] . The slope of the plot of ln C ads versus ε 2 (that is shown in Fig. 11(c) for this work) gives β (mol 2 /J 2 ) and the intercept yields the sorption capacity, X m (mol/g). The relation between the activity coefficient (β) and the apparent adsorption energy E (J/mol) can also be written using the following relationship:
Type of adsorption could be estimated by evaluating of apparent adsorption energy E value. If this value is below 8 kJ/mol the adsorption type can be explained by physical adsorption, between 8 and 16 kJ/mol the adsorption type can be explained by ion-exchange, and over 16 kJ/mol the adsorption type can be explained by a stronger chemical adsorption than ion exchange [32] [33] [34] .
The Langmuir, Freundlich and DKR adsorption constants which are extracted from the isotherms and their correlation coefficients are also presented in Table 2 .
The goodness of fit of the experimental data is measured by the determination coefficients, R 2 . At all experiments Langmuir isotherm (R 2 > 0.966) showed better adjustment followed by Freundlich isotherm (R 2 > 0.875) and DKR isotherm (R 2 > 0.868). It is obvious that the Langmuir isotherm has the best fitting for the adsorption of Ni 2+ cations on nano HAp. On the basis of DKR model, the apparent adsorption energy (E) value is 22.36 kJ for Ni 2+ on the nano HAp. It is the orders of a stronger chemical adsorption than ion exchange. The X-ray diffraction patterns of nano HAp after the adsorption process are shown in Fig. 12 . These patterns belong to the solid residue with maximum amount of uptake capacity of Ni 2+ , which is obtained after interaction of 6 g/L of nano HAp with 80 mg/L Ni 2+ solution after 2 hours. The X-ray diffraction analysis detected no structural changes in nano HAp, before and after the adsorption process. In addition, all of the XRD peaks were shifted toward the lower diffraction angels (for maximum peak from 2θ=31.785˚ to 2θ=31.713˚) which means that there had been an expansion in structure. This fact could not be explained by cation exchange mechanism, because the replacement of Ni 2+ (ionic radius 0.72 A˚), which is smaller than Ca 2+ (ionic radius 0.99 A˚) decreases unit cell dimensions and then increases 2θ
values. Results of phase identification analysis of XRD patterns of Ni-HAp particles show that the formation of a complex on the surface of nano HAp may be primary mechanism of Ni 2+ uptake. 6.85 to 6.43 for initial metal concentration = 80 mg/L, dosage= 6 g/L, 500 rpm agitating rate). Table 3 shows a comparison between the results of this work and with those reported in the literature. The comparison of adsorption capacities of nano HAp used in this study with different adsorbents reported in the literature shows that the nano HAp is effective for the removal of Ni 2+ from aqueous solution. Because of the natural low-cost starting materials and the simple route which was used for synthesis of nano HAp, this adsorbent could be introduced as a cost-effective adsorbent for Ni 
Adsorption Kinetic
Adsorption kinetic studies were carried out in order to investigate the rate of Ni 2+ uptake. Several models could be used to express the kinetics of the adsorption processes, such as Lagrangian equation or pseudo-first-order model and pseudo-second-order model. The results revealed that the removal took place in two distinct steps. The first step revealed a rapid nickel removal and the next one exhibited a subsequent removal which was continued until equilibrium was reached. The linearized form of pseudofirst-order equation can be expressed as: log (q e -q t ) = log q e -k 1 t / 2.303 (10) Where q t is the amount of metal ions adsorbed (mg/g) at any arbitrary time t (min), q e is the amount of metal ion adsorbed (mg/g) at equilibrium and k 1 is the pseudo-first order reaction rate constant for adsorption (min −1 ).
The pseudo-second order reaction rate equation has the form [43] :
t / q t = t / q e + 1 / (k 2 q e 2 ) (11) Where k 2 is the second order reaction rate constant for adsorption (g/mg.min). Linear plots of log(q e − q t ) versus t and t/q t versus t is depicted in Fig. 13 (a) and (b) at 20, 45 and 65 ˚C, respectively. k 1 , k 2 and qe calculated from the slopes and intercepts of the lines obtained by plotting log (q e − q t ) against t and t/q t against t are listed in Table 4 . As it can be seen, the pseudo-second order model fits better the adsorption kinetics of Ni 2+ on nano HAp than the pseudo-first order model. Higher rate of metal adsorption in the beginning ( Fig. 13(a) ) could be due to the presence of more active sites which are available on the nano HAp surface. As the active sites are exhausted, rate of the uptake may be controlled by the rate of intraparticle diffusion. by the HAP is high initially, followed by a low rate. The main mechanism for nickel ions removal using the nano HAp was suggested to be a complex compound formation on nano HAp surface.
